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E-mail address: brozovich.frank@mayo.edu (F.V. BRecent evidence suggests that non-muscle myosin IIB (NMIIB) contributes to smooth muscle con-
traction. This study was designed to determine the effects of NMIIB on the cross-bridge cycling rate.
The cross-bridge cycling rate was investigated using sinusoidal analysis. Frequency analysis revealed
two asymptotes in the Bode plot of the data; and the intersection of the asymptotes (corner fre-
quency) was higher for the B+/ strain (8.73 ± 1.10 Hz vs 16.56 ± 1.26 Hz, P < 0.05), consistent with a
higher overall cross-bridge cycling rate in heterozygous NMIIB KO (B+/) vs WT mice. These results
demonstrate that because of their long duty cycle, NMIIB cross-bridges act as an internal load on
smooth muscle myosin to decrease the overall cross-bridge cycling rate and muscle Vmax during
force maintenance.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Smooth muscle contraction occurs in two distinct phases: an
initial period of force activation followed by force maintenance.
The initial phase of force activation is accompanied by a rapid in-
crease in intracellular Ca2+ and regulatory myosin light chain
(LC20) phosphorylation, then these parameters fall to a lower stea-
dy state level during force maintenance [1,2]. The physiologically
relevant pathway resulting in force maintenance at low levels of
LC20 phosphorylation is unknown, and has been hypothesized to
be due to a number of different mechanisms [1–7].
Recently, results of both biochemical [8,9], as well as mechani-
cal [10–13] studies have implicated non-muscle myosin IIB
(NMIIB) as contributing to the force maintenance phase of smooth
muscle contraction. Further, we have demonstrated that NMIIB is
regulated (phosphorylated) during smooth muscle contraction,
and force maintenance in aortic smooth muscle strips is lower in
heterozygous NMIIB KO (B+/) mice compared to WT littermates
[13]. These data suggest that NMIIB participates in a physiologi-
cally relevant mechanism for force maintenance in smooth muscle,
and changes in the relative expression of NMIIB will produce
changes in the mechanical properties of smooth muscle.chemical Societies. Published by E
, Stabile 4-53, Mayo Medical
ates. Fax: +1 507 538 6418.
rozovich).This study was designed to determine the effect of changes in
the expression of NMIIB on the overall cross-bridge cycling rate.
To address this question, we utilized sinusoidal frequency analysis
[14] to examine the relationship between stiffness and frequency
of oscillation. Our data demonstrate that an elevation of tempera-
ture shifts the relationship between stiffness and the frequency of
oscillation to the right, consistent with an increase in the cross-
bridge cycling rate. Further, a decrease in the expression of NMIIB
also shifts stiffness to the right, which suggests that NMIIB cross-
bridges act as an internal load to smooth muscle myosin to de-
crease the overall cross-bridge cycling rate.
2. Materials and methods
2.1. Mechanical studies
Smooth muscle aortic strips from mice were prepared as previ-
ously described [12,15–17]. Brieﬂy using a protocol approved by
the IACUC of Mayo Medical School, the aorta from adult mice
was isolated and placed in Ca2+-free physiological saline solution
containing (mM): 140 NaCl, 4.7 KCl, 1.2 NaH2PO4, 2.0 MOPS, 0.02
EDTA, 1.2 MgCl2, 5.6 glucose and 0.5 EGTA, pH 7.0. The aorta was
cleaned of connective tissue and endothelium was removed, before
being cut into small strips measuring 1.7–2.4 mm  0.3–0.4 mm 
0.1–0.2 mm (length width  depth). The ends of the smooth
muscle stripswere placed in aluminumT-clips, and then transferredlsevier B.V. All rights reserved.
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Fig. 1. NMIIB expression is reduced in B+/ mice. The NMIIB heavy chain (NMIIB)
and LC20 were resolved on the same gel (lung lysates), and then transferred to a
nitrocellulose membrane. NMIIB and LC20 were simultaneously visualized on the
same membrane by Western blotting with both a polyclonal anti-NMIIB antibody
and a monoclonal anti-LC20 antibody. NMIIB heavy chain expression levels were
normalized to LC20. The samples in lanes 5 and 6 are from known C57BL6 mice, and
lanes 1–4 are samples from the experimental group. The results demonstrate that
the samples in lanes 1–3 are WT mice and the sample in lane 3 is a B+/mouse (see
text for details).
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Scientiﬁc, Aurora, Canada). Muscle strips were mounted between
a piezoresistive force transducer (Akers AE801, Sensonor, Horton,
Norway) and length driver (Model 312C, Aurora Scientiﬁc). The
strip was subsequently stretched to Lo [12,15–17]. The frequency
response of the length control system was ﬂat for a peak-to-peak
amplitude of 17.5 lm to 125 Hz, indicating the system was fast
enough to prevent aliasing and the mechanical properties of the
system did not inﬂuence the results.
A series of experiments were performed on six strips from three
WT mice to examine stiffness at low frequencies of oscillation. For
these experiments, the force response of the relaxed smooth mus-
cle strip to sinusoidal length changes (1% Lo) at frequencies be-
tween 0.001 and 100 Hz was recorded, and then this was
repeated during the force maintenance phase of a 80 mM KCl
depolarization. The raw data from the applied length perturbation
and the corresponding force response were expanded into a Fou-
rier series in Matlab (7.3), as described by Kawai and Brandt [14].
Stiffness at each frequency of oscillation was calculated as the ratio
of the amplitude of force response, F(x), to the amplitude of the
length change, L(x). The phase shift between force and length sine
waves was calculated from the FFT (U(xF) U(xL)). The analysis
was applied to both the relaxed and activated smooth muscle strip.
The active response was obtained by subtracting passive (relaxed)
from the response following KCl depolarization. These experiments
demonstrated that stiffness was constant between 0.001 and
0.25 Hz (Supplementary ﬁgure). However, the time required to col-
lect data below 0.25 Hz was exceedingly long (>90 min). Since the
frequency response was constant below 0.25 Hz (Supplementary
ﬁgure), all subsequent experiments were performed for the fre-
quencies between 0.25 and 125 Hz.
For these experiments, seven homozygous (48 strips) and seven
heterozygous (50 strips) mice were used. Similar to the initial
experiments, the force response of the relaxed smooth muscle strip
to sinusoidal length changes (1% Lo) at frequencies of 0.25, 0.5,
0.75, 1, 2, 5, 10, 20, 50, 80, 100 and 125 Hz was recorded. The num-
ber of cycles at each frequency was 3 (0.25 Hz), 5 (0.5, 0.75, 1, 2, 5,
10 Hz) and 10 (20, 50, 80, 100, 125 Hz) cycles. Thereafter, the
smooth muscle strip was activated with 80 mM KCl depolarization.
After tension reached a steady state (during force maintenance),
the sequence of length oscillations was repeated. Stiffness was
calculated as described above, and the mechanical studies were
performed at both room temperature (22 C) and 32 C for WT
strips and at 22 C for the aortic strips from B+/ mice. Both force
and stiffness were normalized to the cross-sectional area of each
strip.
The variation of stiffness with frequency was illustrated using
Bode diagrams, as originally described by Kawai and Brandt [14].
The stiffness at 0.25 Hz was similar for all conditions (P > 0.05;
WT 22 C vs WT 32 C vs B+/ 22 C), and therefore, the stiffness
was normalized with respect to the value at 0.25 Hz, converted
to decibel, and then plotted as a function of frequency (logarithmic
scale). Bode diagrams have been demonstrated to represent the
dynamics of a system, and changes in the intersection of asymp-
totes (corner frequency) reﬂect changes in the dynamics of physi-
ological systems [14,18]. For each muscle strip, the asymptotes at
low and high frequencies were determined by regression analysis.
For the low frequency asymptote, the number of data points in the
regression analysis was sequentially increased by one (from low to
high) and the error (R2) was determined for each ﬁt. The regression
line with the lowest error was taken for the low frequency asymp-
tote. Similarly for the high frequency asymptote, the regression
line to the data at the high frequency region was increased by
one data point for each analysis, and regression line with the low-
est error was taken for the high frequency asymptote. The intersec-
tion of the two asymptotes is the corner frequency, whichrepresents the dynamics of the system [18], was determined for
each preparation.
2.2. Western blotting
Western blots were performed as previously described [13,19].
For each animal since NMIIB is easily detected in the lung and the
NMIIB KO is not tissue speciﬁc [20], lung tissue was homogenized
in SDS buffer (NuPAGE). The proteins were resolved by SDS–PAGE
(1:1 top half 8%, bottom half 12%), and then transferred to a nitro-
cellulose membrane. Membranes were simultaneously probed
with a polyclonal anti-NMIIB antibody (1:2000; M7939, Sigma)
and a monoclonal anti-LC20 antibody (1:4000; M4401, Sigma). On
each membrane, six samples were run, with two samples from
known C57BL6 mice, and the remaining lanes were samples from
the experimental group (B+/ or WT littermates). The bands were
quantiﬁed across samples using ImageQuant TL software. All sig-
nals (protein bands) were in the linear range for quantization,
and for each lane the expression of NMIIB was determined as the
density of the band representing NMIIB divided by the density of
the band representing LC20. We have previously demonstrated that
total expression of LC20 (NM-LC20 + SM-LC20) is equivalent to total
myosin heavy chain expression [13]. The anti-LC20 antibody recog-
nizes both NM-LC20 and SM-LC20, and therefore, the density of the
LC20 band reﬂects total myosin heavy chain expression [13]. Thus
to compare NMIIB heavy chain expression levels between animals,
the ratio for NMIIB/LC20 (which is equivalent to NMIIB/total myo-
sin heavy chain) was normalized (NMIIB/LC20 for the known
C57BL6 animals was set to 1).
2.3. Statistical analysis
Data are given as means ± S.E.M., and comparisons were made
using the Student’s t-test. Differences were considered signiﬁcant
at P < 0.05.
3. Results
3.1. Identiﬁcation of WT and B+/ mice
Both the NMIIB heavy chain and LC20 were detected by Western
blotting (Fig. 1). The density of the bands from lung tissue repre-
senting NMIIB and LC20 was determined by image analysis (see
Section 2), and the ratio of the density of NMIIB/LC20 was com-
pared to the known C57BL6 samples. For the WT animals, the ratio
of NMIIB/LC20 (1.2 ± 0.1, n = 7) was not signiﬁcantly different than
that of the controls (known C57BL6). For the B+/ animals, the ratio
of NMIIB/LC20 was 0.4 ± 0.1 (n = 7), consistent with a 50% reduction
(P < 0.05) in NMIIB [20].
Fig. 3. Cross-bridge cycling rate is higher in B+/ mice. Bode diagrams for WT (d,
black) and B+/ ( , grey) mice, and lines represent the asymptotes for the low and
high frequency regions. The corner frequency is higher for B+/ mice compared to
WT animals, consistent with a higher overall cross-bridge cycling rate in the
smooth muscle of B+/ animals.
Fig. 4. Phase shift does not change. Average phase frequency responses and the
second order polynomials for WT mice at room temperature (d, black), 32 C (N,
dashed) and B+/ mice at room temperature ( , grey).
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3.2.1. Tension WT vs B+/
Following KCl depolarization of aortic smooth muscle strips,
force rapidly increased to a steady state plateau. For WTmice, stea-
dy state tension was 4.79 ± 0.33 mN/mm2 (n = 7) compared to
3.93 ± 0.21 mN/mm2 (n = 7) for B+/ mice (P < 0.05), or force main-
tenance was 20% lower in B+/ mice.
3.2.2. Frequency analysis
We initially compared the relationship between stiffness vs fre-
quency of oscillation for WT mice at 32 and 22 C (Fig. 2). The Bode
diagrams representing the stiffness–frequency relationship had a
monotonically increasing characteristic as the frequency of oscilla-
tion increased, but two distinct regions were identiﬁed, which
implies that the system changes its dynamics as the frequency in-
creased. Thus the two regions were ﬁt with asymptotes, one for
the lowfrequency regionand theother for thehigh frequency region.
For 22 C (n = 7) compared to 32 C (n = 3), the slopes of the asymp-
totes did not differ at either low frequency (0.83 ± 0.06 dB/octave vs
0.69 ± 0.12 dB/octave) or high frequency (2.63 ± 0.06 dB/octave vs
2.63 ± 0.07 dB/octave). However, the intersection of the low and
high frequency asymptotes (corner frequency) was signiﬁcantly
higher at 32 C (8.73 ± 1.1 Hz vs 12.74 ± 1.12 Hz, P < 0.05). These
data are consistent with the increase in temperature producing an
increase in the overall cross-bridge cycling rate.
ForB+/mice (n = 7), similar toWTmice (n = 7), stiffness is low for
a large range of frequencies and increases at higher frequencies of
oscillation (Fig. 3), two distinct regions of the stiffness vs frequency
of oscillation were identiﬁed. For B+/ compared toWT, the slope of
the low frequency asymptoteswas similar (0.76 ± 0.05 dB/octave vs
0.83 ± 0.06 dB/octave, P > 0.05), but was different at the high fre-
quencies (2.23 ± 0.05 dB/octave vs 2.63 ± 0.07 dB/octave, P < 0.05).
This analysis demonstrates that the dynamics of aortic smoothmus-
cle of B+/mice are different thanWT; the difference in the slope of
the high frequency asymptote demonstrates a difference in the high
frequencydynamicsof themuscle, and the increase in thecorner fre-
quency (16.56 ± 1.26 Hz vs 8.73 ± 1.10 Hz, P < 0.05) is consistent
with a faster overall cycling rate in aortic smooth muscle of B+/
mice. The changeof thephase anglewith the frequencyof oscillation
was also determined (Fig. 4); the phase angle increased from 0 to
18–20, and there was no difference between any of the conditions.
The relative force per attached cross-bridge at each frequency
was determined from the plots of tension/stiffness vs frequencyFig. 2. Cross-bridge cycling rate increases with temperature. Bode diagrams for WT
room temperature (d) and 32 C (N), and lines represent the asymptotes for the low
and high frequency regions. The increase in temperature increases the corner
frequency, consistent with an increase in the overall cross-bridge cycling rate.of oscillation (Fig. 5). For both WT and B+/ mice, the relative force
per attached cross-bridge decreased as the frequency of oscillation
increased. At frequencies of oscillation >100 Hz, the relative force
per attached cross-bridge was similar (P > 0.05), but at frequencies
<100 Hz, the force per stiffness is lower in the B+/ strain (P < 0.05).
4. Discussion
Our analysis revealed that the expression of the NMIIB heavy
chain was reduced by50% in the B+/mice (Fig. 1) consistent with
a heterozygous animal [20]. These data are similar to previous
results [13]. In this previous study, we also demonstrated that
the decrease in NMIIB was not associated with changes in the
expression of smooth muscle MHC, actin or NMIIA [13]. These data
suggest that similar to the smooth muscle KO mouse [10], the de-
crease in NMIIB in the B+/ mouse aorta is not associated with
changes in the expression of other contractile proteins.
Both WT and B+/ aortic smooth muscle strips contract with a
similar time course of activation, but sustained steady state force
(force maintenance) was signiﬁcantly reduced in B+/ animals.
The 20% reduction in force maintenance is similar to the 25%
Fig. 5. Force per cross-bridge is reduced in B+/mice. Force per stiffness plotted as a
function of frequency demonstrates a reduced force/stiffness in the B+/ strain (WT
(d, black) and B+/ ( , grey)). The slopes of the plot of tension/stiffness vs
frequency are 0.056 ± 0.004 (log(Hz))1 vs 0.032 ± 0.002 (log(Hz))1 for WT vs
B+/, respectively (P < 0.05).
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NMIIB contributing to the mechanical properties of smooth mus-
cle. At higher frequencies, the relative force per attached cross-
bridge (tension/stiffness) was similar in B+/ and WT animals,
which suggests that the reduction in the expression of NMIIB pro-
duces the decrease in steady state force.
The stiffness and/or phase frequency responses obtained from
sinusoidal length changes have been used extensively in cardiac
and skeletal muscle to detect shifts in the cross-bridge population.
The dip or minimum of the plot of stiffness vs frequency of oscilla-
tion represents the cross-bridge cycling rate [14], and has been
demonstrated to occur at 10–13 Hz for frog sartorius muscle
[21], 10 Hz for rabbit psoas muscle [14] and 1–2 Hz for cardiac
papillary muscle [22]. Ozturk’s group [23] found that stiffness
and phase frequency characteristics of taenia coli smooth muscle
were similar to cardiac and skeletal muscle, and these investigators
detected a dip (minimum) in the stiffness vs frequency relationship
of 0.0012 Hz. On the other hand, the behavior of the stiffness and
phase vs frequency of oscillation was different in our experiments.
Compared to striated muscle [14,21,22], the plot of stiffness vs
frequency of oscillation did not have a minimum (Supplementary
ﬁgure). Further, in aortic smooth muscle (Fig. 5), the phase angle
did not change direction but instead slowly increased from 0 to
18–20 Hz.
Bode analysis has demonstrated that the intersection of asymp-
totes (corner frequency) represents the dynamics of a physiologi-
cal system and changes in the corner frequency reﬂect changes
in the system dynamics [14,18]. This approach has a wide applica-
tion in systems analysis, if the Bode diagram is not complex. In
muscle physiology, the frequency response method was initially
used to simulate the behavior of muscle by mechanical elements
(spring and dashpot) and model the mechanism of muscle contrac-
tion [22,24]. In these studies, the frequency responses were repre-
sented by a minimum number of terms; the corner frequencies
and plateau level, which were used to calculate the parameters
of the model.
In skeletal and cardiac muscle, the minimum stiffness fre-
quency increases with temperature, which has been interpreted
as reﬂecting the increase in the rate constants and the overall
cross-bridge cycling rate [22,25–27]. Our data demonstrates that
at 32 C compared to 22 C, the slopes of the low and high fre-
quency asymptotes were similar, but the corner frequency is
increased (Fig. 2). These data demonstrate in aortic smooth muscle
that temperature shifts the response of the system to higherfrequencies, and these data are consistent with an increase in tem-
perature producing an increase in the cross-bridge cycling rate (or
the sum of processes a–d in Kawai’s analysis [26]). These data sug-
gest that in aortic smooth muscle, changes in the corner frequency
of the Bode plot can be used to detect changes in the overall cross-
bridge cycling rate. For the B+/ strain compared to WT, there was a
signiﬁcant right shift in the corner frequency of the Bode plot and
the high frequency asymptotes had a different slope (Fig. 3). These
data demonstrate that the decrease in NMIIB both changes the
slope of the high frequency asymptote which indicates that the
behavior of the muscle at high frequencies is different in WT and
B+/ smooth muscle and also increases the corner frequency dem-
onstrating a increase in the overall cross-bridge cycling rate in the
B+/ strain.
NMIIB has a long duty cycle [8] and at physiological ADP, its
steady state ATPase is <0.01 s1 [9]. During a single period at low
frequencies of oscillation, smooth muscle myosin cross-bridges
would detach and reattach to actin while NMIIB cross-bridges
would remain attached. Thus at low frequencies of oscillation,
the contribution of NMIIB to stiffness is larger than smooth muscle
myosin. We have previously demonstrated that in mouse aortic
smooth muscle, the expression of NMIIB is 10% of total myosin
[13,28], and the 50% reduction of NMIIB in the B+/ strain would
decrease total myosin expression by 5%. Therefore, the 20%
reduction in force maintenance in the B+/ strain occurs with a
5% decrease total myosin; i.e., the fall in force is greater than the
fall in stiffness. This data would predict that for force maintenance
in the B+/ strain, compared to WT, 80% of the force is produced by
95% of the cross-bridges, and thus the force per attached cross-
bridge would be lower in B+/ than WT aortic smooth muscle, in
agreement with our results (Fig. 5). The decrease in the relative
force per attached cross-bridge in the B+/ strain suggests that
the decrease in NMIIB produces a fall in the internal load to muscle
shortening. A decrease in the internal load would produce an in-
crease in the overall cross-bridge cycling rate in B+/ mice (Fig. 3)
and an increase in muscle Vmax.5. Conclusion
In smooth muscle, our results demonstrate that NMIIB contrib-
utes to force maintenance, and a reduction in the expression of
NMIIB reduces steady state force [13]. Further, biochemical prop-
erties of NMIIB [9] dictate that the duty cycle for NMIIB is long,
and NMIIB remains attached to actin for the majority of its AMAT-
Pase cycle [9]. Our data demonstrate, consistent with strain
dependent ADP release [9], that NMIIB is able to maintain a rela-
tively large force per attached cross-bridge compared to smooth
muscle myosin. These data would predict that the ability of
smooth muscle to maintain force should be related to NMIIB
expression; i.e., smooth muscle with low NMIIB expression (pha-
sic smooth muscle; i.e., portal vein, [12,28]) would have a lower
level of force maintenance compared to those with high NMIIB
expression (tonic smooth muscle; i.e., aorta, [12,28]). Further as
the expression of NMIIB decreases, both the relative force per at-
tached cross-bridge (see above) as well as the internal load would
decrease, which would result in an increase in the overall cross-
bridge cycling rate and muscle Vmax. These data are consistent
with the relative expression of NMIIB deﬁning the tonic vs phasic
contractile phenotype.Acknowledgements
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